Recent studies from this laboratory (1) have shown that insulin has an immediate and profound effect upon net hepatic glucose balance. When insulin was administered at a rate (2) estimated to minimize the counter-regulatory responses to hypoglycemia, the decline in blood glucose which ensued was largely the consequence of a diminished hepatic release of glucose (1).
trol hepatic glucose output. Dogs with complete end-to-side portacaval shunts were used, since this preparation separates the circulation of tie liver from that of the remainder of the splanchnic bed and thereby permits measurement of hepatic rather than splanchnic glucose balance (1) .
METHODS AND PROCEDURE
Twenty-two studies were performed in dogs in which end-to-side portacaval shunts had been performed at least 2 weeks earlier. The dogs were anesthetized with Nembutal (25 mg per kg i.v.) 15 hours after food had been removed from their cages. Previously they had been maintained on a ration in which approximately 50 per cent of the total calories was derived from carbohydrate, 20 to 30 per cent from protein, and the remainder from fat. Hepatic venous blood samples were collected through a cardiac catheter inserted deep into a hepatic vein under fluoroscopic control. Position of the catheter was checked at intervals during each experiment. Arterial blood samples were obtained through a Cournand needle placed in a femoral artery.
Hepatic blood flow and the concentration of glucose in arterial and hepatic venous blood were determined at 10-minute intervals throughout the study. Hepatic blood flow was estimated by the clearance-and-extraction method of Bradley, Ingelfinger, Bradley and Curry (14) , with I13'-labeled rose bengal as the extractable material (15) . Blood glucose was determined in triplicate on each blood sample by the Somogyi copper iodometric method (16, 17) . The methods used in this laboratory have been described in detail in a previous publication (1) . Hepatic glucose balance in milligrams per minute at each 10-minute interval was calculated as the product of the estimated hepatic blood flow and the hepatic venous-femoral arterial glucose concentration difference.
Two to four measurements of hepatic glucose output were obtained during a control period. In 11 studies, changes in hepatic glucose balance were then followed during the administration of a constant infusion of glucose into a hind leg vein. In some studies, after the glucose was stopped, additional measurements were obtained during the "recovery" period.
In 11 other studies the effects of insulin, administered prior to and during the glucose infusion, on hepatic glucose balance were determined. Glucagon-free insulin 1 was administered slowly by constant intravenous infusion for 30 to 60 minutes after control measurements had been made. Glucose was then infused, together with the insulin, for another 60 to 80 minutes. RESULTS 
Effect on hepatic glucose balance
A. Glucose infusion. In each of the 11 dogs glucose infusion produced a fall in hepatic glucose output (Tables I and II) . Within 10 minutes mean hepatic glucose output fell from 50.7 to 27.6 mg per minute. This 46 per cent decrease in hepatic output of glucose was associated with a rise in mean arterial glucose concentration of only 9.4 mg per 100 ml-from 82.1 to 91.5 mg per 100 ml. By 50 minutes, mean hepatic glucose output fell to only 1.4 mg per minute, a 97 per cent change from the mean control value. From 60 to 90 minutes, hepatic glucose output ceased; instead, the liver was extracting an average of 20.2 mg per minute during this time (Table I) . This represents a net conservation of glucose by the liver of 70.9 mg per minute.
A net uptake or positive balance of glucose across the liver was observed in 7 of the 11 dogs (Figure 1 ). In the other 4 animals, although net uptake of glucose by the liver did not occur, hepatic glucose output fell markedly during the infusion, averaging 5.3 mg per minute 90 minutes after glucose was started, a 91.2 per cent decrease from the mean control output of 60.5 mg per minute.
Inspection of the data (Table I) obtained from 11 dogs suggests that a positive glucose balance across the liver is related to the rate at which arterial glucose concentration increased. In the 7 dogs in which net hepatic uptake of glucose was observed, mean arterial glucose concentration increased 33 mg per 100 ml by 30 minutes and 65.5 by 90 minutes after starting glucose. By contrast, in the 4 dogs that did not attain positive hepatic glucose balance, arterial glucose concentration increased only 10 mg per 100 ml at 30 minutes and 32.2 at 90 minutes. In general, the more rapid rise in arterial glucose concentration in 1 the "uptake" dogs was attributable to the infusion of larger glucose loads (Table I) and, more specifically, to the greater extent to which the infused loads exceeded the control hepatic glucose output. In considering the entire group of 11 animals, the quantity of glucose infused per minute was 3.5 to 5.8 times greater than the control hepatic glucose output during the 90 minutes of infusion in the "uptake" dogs, whereas it was only 0.9 to 2.4 times greater than control hepatic glucose output in the "non-uptake" dogs.
The mean arterial glucose concentration at which net uptake of glucose by the liver was first observed was 115.6 mg per 100 ml (Table III) Changes in hcpatic glucose balance from control during (1 glucose ilfusion Table  IV and Figure 1 . After insulin (0.038 U per minute) had been infused for 40 to 60 minutes, mean control arterial glucose concentration fell from 76.1 to 58.4 mg per 100 ml. As in previous studies reported from this laboratory (1), this decline in arterial glucose concentration was associated with a 52 per cent decrease in mean hepatic glucose output-from 45.1 to 21.6 mg per minute. With the addition of the glucose infusion, a further prompt fall in hepatic glucose output. followed by a net hepatic uptake of glucose, was observed. The magnitude of the hepatic uptake of glucose was similar in the dogs that received only glucose and in those to which both insulin and glucose were administered (Figure 1 ). The major difference between these two groups in which a positive glucose balance across the liver was observed was the mnean concentration of arterial glucose at Which net hepatic glucose uptake first occurred. When glucose alone was infused, net hepatic uptake was noted at a mean arterial glucose concentration of 115.6 mg per 100 ml (Table III) ; pretreatment with insulin lowered this value to 92.9. Indeed, in Dog 119, net hepatic uptake of glucose occurred at an arterial glucose level of 69.7 mg per 100 ml, a value 12.8 mg lower than control.
The changes in hepatic glucose metabolism observed in the present experiments were attributed solely to alterations in the arterial-hepatic venous glucose concentration differences, since hepatic blood flow did not change significantly during the course of these studies. The development of a positive arterial-hepatic venous glucose concentration difference, at a time when the arterial glucose concentration was rising, cannot be attributed to sampling errors, since positive glucose balance across the liver also occurred at a time when the arterial glucose concentration had reached a plateau or was falling. If any error in sampling existed, it was in the direction of underestimating the fall in hepatic glucose output. Since in these studies glucose was infused into a vein in the hind limb, the concentration of glucose in inferior vena caval blood would be higher than in blood entering or leaving the liver. Should hepatic venous blood be contaminated by regurgitation from the inferior vena cava, a falsely high value for hepatic venous glucose concentration would result.
Disposition of the infufsed glucose load
The extent to which the liver and the peripheral tissues contribute to the disposition of the glucose load can be approximated from the data. The amount of infused glucose remaining in the glucose pool was estimated by multiplying the change in arterial glucose concentration after glucose infusion by the glucose space. For these calculations it was assumed that the glucose space was 30 per cent of the body weight in the dog (1, 18, 19) . That portion of the glucose load which disappeared from the glucose pool, as a result of a change in hepatic glucose metabolism during the glucose infusion, was determined as the amount by which hepatic glucose output decreased from control values. The infused glucose not accounted for either by a decrease in hepatic glucose output or by an increase in the glucose pool was assumed to represent the increase in glucose utilization by the peripheral tissues. Since the filtered load of glucose expected at the blood sugar concentrations obtained in these studies was less than the glucose Tm usually observed in dogs (20, 21) , significant renal excretion of glucose seems unlikely. Therefore, no correction was made for possible urinary loss of glucose.
These calculated data are contained in Table V cose output was of major importance in the disposition of a glucose load. With increasing glucose loads, the peripheral tissues played a proportionately greater role.
DISCUSSION
It is apparent that the liver responds promptly and significantly to a glucose load. Within 10 minutes after beginning an intravenous infusion of glucose in 11 dogs, mean hepatic glucose output fell 46 per cent. The mechanisms responsible for this change are apparently sensitive to very small increments of blood sugar, since this 46 per cent decrease in hepatic glucose output was associated with a rise in mean arterial glucose concentration of only 9.4 mg per 100 ml. As glucose infusion continued, a progressive decrease in hepatic glucose output ensued in all the dogs studied, and in 7 dogs a positive glucose balance across the liver, or net hepatic uptake, was observed.
Theoretically, changes in hepatic glucose balance during the administration of a glucose load may be the consequence of one of the following: first, hyperglycemia per se, in the absence of insulin; second, hyperglycemia in the presence of a fixed amount of insulin; finally, increased secretion of endogenous insulin secondary to arterial hyperglycemia.
The first of these possibilities is best assessed in the insulin-deficient diabetic. In both the diabetic human (22) (23) (24) and diabetic dog (25, 26) , hepatic glucose output was normal or increased despite the presence of arterial hyperglycemia. A decreased hepatic glucose output or net hepatic uptake of glucose was not observed. By contrast, with comparable arterial glucose concentrations, a marked decrease in hepatic glucose output and significant hepatic uptake of glucose are regularly observed in normal dogs. Furthermore, the response of the liver to a glucose load was impaired in dogs made diabetic by partial pancreatectomy and administration of alloxan (26) . Thus, the arterial glucose concentration at which the liver stopped putting out glucose and started taking it up was elevated; the more severe the diabetes, the higher the blood glucose level required for hepatic glucose uptake; finally, elevation of blood glucose to as high as 500 mg per 100 ml did not result in hepatic uptake of glucose in some dogs. These observations indicate that hyperglycemia per se, in the absence of insulin, cannot explain the alterations in hepatic glucose balance observed in the present study.
The possibility that hyperglycemia in the presence of a fixed amount of insulin is responsible for the changes in hepatic glucose balance was not assessed in the present studies, since endogenous insulin secretion probably increased during glucose loading (3, 4) . Nevertheless, this possibility was suggested by the studies of Soskin, Allweiss and Cohn (27) , based on glucose tolerance tests in dogs. In the studies of Soskin and colleaigtucs, a constant blood sugar was maintained in depancreatized dogs by the constant infusion of both insulin and glucose for at least 1 to 2 hours. When these infusions were continued, the subsequent injection of an additional glucose load resulted in "normal" glucose tolerance tests in most of these animals. Since further secretion of endogenous insulin was impossible, an increase in insulin secretion was not considered necessary for the normal disposition of a glucose load. When the pancreas was left intact but the liver removed, glucose loading did not result in normal glucose tolerance, findings which supported their conclusions. Although Soskin's experiments reveal that normal glucose utilization is dependent upon insulin, they do not prove that it is dependent upon the presence of a fixed amount of insulin. Despite the administration of insulin by constant infusion, it is possible that the rate of infusion exceeded the rate of degradation. Therefore, insulin may have been accumulating. Since plasma insulin concentrations were not measured, progressively increasing insulin levels were not excluded. Furthermore, failure to attain normal glucose tolerance in hepatectomized animals with an intact pancreas does not exclude increased insulin secretion as an important factor in obtaining normal glucose tolerance. Soskin's own observations, and those of the present study, indicate that the liver accounts for a significant portion of a glucose load. It seems reasonable that removal of this quantitatively important insulin-responsive organ, even in the presence of increased amounts of insulin, accounted for the impaired glucose tolerance observed by Soskin and co-workers in their hepatectomized dogs. As Park and associates have shown (28) , the rate of glucose transport from extracellular fluid into muscle cells is dependent upon extracellular glucose concentration. In the presence of insulin, the rate of glucose transport is increased for any given glucose concentration. It is likely that a significant number of glucose transport sites had been affected by insulin during the prolonged insulin infusion in Soskin and co-workers' studies (27) . Under this circumstance, normal glucose disappearance after glucose loading would be expected.
There appears to be considerable evidence to support the view that increased secretion of endogenous insulin, secondary to arterial hyperglycemia, accounts for a decrease in hepatic glucose output and subsequent net hepatic uptake of glucose. It has been demonstrated that insulin is released promptly into pancreatic venous blood after administration of glucose (3, 4) . The slow intravenous infusion of insulin produces a prompt fall in hepatic glucose output, even within 10 minutes (1). In the present studies insulin administration prior to glucose loading resulted in a lowering of the arterial glucose concentration at which net hepatic uptake of glucose was observed. The impaired response of the liver to glucose infusion in diabetic dogs is rapidly improved toward normal by insulin administration (26) . In the presence of increased insulin secretion, the level of blood sugar probably also determines the extent to which the liver and peripheral tissues dispose of a glucose load. Nevertheless, significant insulin effects on the liver, independent of blood glucose levels, were observed in the present studies. Thus, in Dogs 522, 525 and 610, net hepatic uptake of glucose was as great or greater at a time when the blood glucose concentration was falling, and the arterial glucose level was lower than it was earlier in the study when arterial blood sugar was rising. Indeed, in Dog 119, pretreated with insulin, a positive glucose balance across the liver was observed at arterial glucose concentrations even lower than control. Finally, the persistence of a decreased hepatic glucose output, despite a fall in arterial glucose concentration to values lower than control during the recovery period in four of the dogs in these studies (326, 327, 525, 610) , suggests a continuing hepatic action of endogenous insulin, previously secreted during the period of hyperglycemia.
A number of previous investigations has been concerned with the effects of glucose loading on hepatic glucose metabolism. The changes in hepatic glucose balance observed during glucose infusion in our studies in the dog closely resemble the findings of Soskin, Essex, Herrick and Mann (5) . Their observations, like our own, are based upon direct measurements of hepatic blood flow and the concentration differences of glucose in blood entering and leaving the liver. Most of their data were obtained in acutely operated dogs given a single rapid intravenous injection of glucose. In only two of their studies was glucose administered by constant intravenous infusion.
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Stll(i'es ill wllicli gllc(>(' Colnclntration ill Itltcrial, portal andc hepatic V,1o)11s blood was (dctermine(l, with(ot)t concolllitant measurements of hepatic blood flow, also provide evidence for, but no quantitation of, a decrease in hepatic glucose output and net hepatic glucose uptake during glucose feeding (6) and infusion (7) . Bondy (9), changes in the specific activity of plasma glucose were followed after administration of a tracer dose of glucose-C14. The exponential decline in specific activity during the control period was superseded by a "plateau" after the administration of an unlabeled glucose load. This change in plasma glucose specific activity was attributed to a cessation of hepatic glucose output (8, 9 (13) . No evidence of a decrease in hepatic glucose output after glucose loading was noted in their studies. As was pointed out in a previous publication (1), a major drawback to the isotope dilution studies is that they can measure only new glucose production by the liver. Such techniques cannot measure hepatic glucose utilization or differentiate it from peripheral glucose utilization. The failure of the printing dose-constant infusion studies to detect an alteration in hepatic glucose output after glucose loads, therefore, cannot be considered as unequivocal evidence that such an effect does not occur.
The data accumulated in this and previous studies (1) indicate the presence of a sensitive, integrate(l system geared to the metabolism of ingested carbohydrate by the liver. The organization of this system appears to be well suited structurally by virtue of the anatomical relationships of the gastrointestinal tract, pancreas, and liver to the portal vein. Thus, glucose absorbed from the intestine passes into portal venous blood where it mixes with insulin released from the pancreas. Glucose and insulin, in concentrations higher than those possible for any other organ, are then carried directly to the liver, a situation which appears to be ideal for the hepatic metabolism of glucose. In the present studies, conducted in dogs with end-to-side portacaval shunts, not only did the insulin secreted in response to the glucose load bypass the liver initially, but the same was true of the glucose that was infused into a peripheral vein. Under these circumstances, the liver was exposed to relatively lower concentrations of both insulin and glucose than would have occurred after the oral ingestion of a carbohydrate load in intact animals. Nevertheless, the total quantity of glucose accounted for by an alteration in hepatic glucose metabolism was appreciable. Indeed, of the glucose which disappeared from the glucose pool, almost as much was accounted for by a change in hepatic glucose metabolism as by an increase in peripheral glucose utilization. Normally, when the liver alone is exposed to the high concentrations of glucose and insulin present in portal blood after feeding, it would seem reasonable to expect the liver to account for an even greater proportion of a glucose load.
These remarks should not be construed to minimize the importance of the peripheral tissues in the disposition of a carbohydrate load. Previous studies from this laboratory have indicated that the proportion of the secreted insulin which is bound to the liver during the initial transhepatic circulation continually decreases when the intact subject receives carbohydrates (30, 31) . The peripheral tissues are thereby supplied with a progressively increasing proportion of the secreted insulin. Indeed, in the present studies with prolongation of the glucose infusion and with larger carbohydrate loads, the peripheral tissues played a proportionately greater role in the disposition of this infused carbohydrate. It should be emphasized that both the liver and the peripheral tissues play important roles in carbohydrate utilization. Furthermore, these roles are directly affected by endogenous insulin, which under physiologic conditions is secreted in response to hyperglycemia.
SUMMARY AND CONCLUSIONS
The effect of glucose infusions upon hepatic glucose balance was appraised in dogs with portacaval shunts. This preparation was chosen since it permits determination of changes in hepatic rather than in splanchnic glucose metabolism.
The data indicate that the liver responds to a ('lucose load first by a decrease in net glucose output, and then by an actual uptake or storage of glucose. These changes occur quickly and are apparently mediated by endogenous insulin which is secreted in response to a rising blood sugar.
Qutantitatively, these hepatic effects are significant, the liver accounting for almost as much of the infused glucose load as peripheral tissues.
